Pancreatic cancer is a lethal disease that is difficult to diagnose at early stages when curable treatments are effective. Biomarkers that can improve current pancreatic cancer detection would have great value in improving patient management and survival rate. A large scale quantitative proteomics study was performed to search for the plasma protein alterations associated with pancreatic cancer. The enormous complexity of the plasma proteome and the vast dynamic range of protein concentration therein present major challenges for quantitative global profiling of plasma. To address these challenges, multi-dimensional fractionation at both protein and peptide levels was applied to enhance the depth of proteomics analysis. Employing stringent criteria, more than thirteen hundred proteins total were identified in plasma across 8-orders of magnitude in protein concentration. Differential proteins associated with pancreatic cancer were identified, and their relationship with the proteome of pancreatic tissue and pancreatic juice from our previous studies was discussed. A subgroup of differentially expressed proteins was selected for biomarker testing using an independent cohort of plasma and serum samples from well-diagnosed patients with pancreatic cancer, chronic pancreatitis and non-pancreatic disease controls. Using ELISA methodology, the performance of each of these protein candidates was benchmarked against CA19-9, the current gold standard for a pancreatic cancer blood test. A composite marker of TIMP1 and ICAM1 demonstrate significantly better performance than CA19-9 in distinguishing pancreatic cancer from the non-pancreatic disease controls and chronic pancreatitis controls. In addition, protein AZGP1 was identified as a biomarker candidate for chronic pancreatitis. The discovery and technical challenges associated with plasma-based quantitative proteomics are discussed and may benefit the development of plasma proteomics technology in general. The protein candidates identified in this study provide a biomarker candidate pool for future investigations.
INTRODUCTION
Pancreatic cancer is the fourth leading cause of cancer death in the United States. Most patients diagnosed with pancreatic cancer will die within 6 months, and only 4% survive five years after diagnosis [1] [2] [3] . The high mortality of this disease is predominantly due to the advanced stage of disease at the time of diagnosis and a lack of effective treatments. Earlier diagnosis of pancreatic cancer may drastically improve the survival rate. However, the lack of symptoms of pancreatic cancer at the early stage and the anatomic location of pancreas makes early detection difficult. The only established pancreatic cancer biomarker, CA19-9, does not provide the high sensitivity and specificity required to screen an asymptomatic population for diagnosis 4 . In addition, about 10%-15% of individuals do not secrete CA19-9 due to their Lewis antigen status 5 . Thus, there has been great interest in developing better biomarkers for pancreatic cancer to facilitate the detection of the disease while it is still curable.
Blood-based protein biomarkers have been used in clinical laboratories for decades to aid in the diagnosis and prognosis of many diseases, including a variety of cancers 6 . The advances in proteomics technology 7 have provided a revolutionary tool that can systematically identify and quantify steady-state or perturbation-induced changes in a complex biological system in a high throughput fashion. There has been a great interest in applying this technology to pancreatic cancer biomarker discovery [8] [9] [10] [11] [12] [13] . The recent studies include the efforts on applying global quantitative proteomics to investigate pancreatic cancer serum 14 and mouse model plasma 15 . One of the major challenges in plasma proteomics biomarker discovery arises from the complex nature of the protein constituents in plasma proteome, which includes not only the functional proteins within the circulatory system but also proteins leaked or secreted from tissues. The enormous diversity in protein species and posttranslational modifications of proteins, and the vast differences in protein abundance, create major challenges, as well as a great opportunity, in employing quantitative plasma proteomics for biomarker discovery [16] [17] [18] [19] .
In the current study, a large scale quantitative global protein profiling has been performed in an attempt to identify differential plasma proteins that are associated with pancreatic cancer. The proteome of plasma samples from patients with pancreatic ductal adenocarcinoma were quantitatively compared with that of non-pancreatic disease controls and patients with chronic pancreatitis, a benign pancreas disease that shares many molecular and imaging features with pancreatic cancer. A frequent clinical challenge is differentiating a neoplastic mass from an inflammatory mass in the setting of chronic pancreatitis. Since the tumorderived proteins are likely present in the lower range of protein abundance in plasma and thus can be difficult to interrogate, we have applied a concerted proteomics approach. It includes immuno-subtraction of highest abundance plasma proteins and then extensive multi-dimensional plasma fractionation at both protein and peptide levels, followed by highresolution mass spectrometry to enhance the comprehensive profiling of the low-abundant proteins. The discovery and technical challenges in the current investigation have been discussed in relation to the previous studies in this field, to provide more insights reflecting the great potential and current limitations in blood-based biomarker discovery. A subgroup of differentially expressed proteins in pancreatic cancer and in chronic pancreatitis was evaluated in a pilot study to assess their accuracy in detecting these diseases.
EXPERIMENTAL MATERIALS AND METHODS

Sample collection
This study was approved by the Institutional Review Board at the University of Washington (Seattle, WA), the Cleveland Clinics Foundation (Cleveland, OH) and University of California-Irvine (Irvine, CA). Patients with pancreatic cancer or pancreatitis were identified in the Gastroendoscopy and Surgical clinics at the University of Washington Medical Center, and the Cleveland Clinic Foundation. The diagnosis of disease was made histologically in the case of pancreatic cancer patients. Chronic pancreatitis was diagnosed based on computed tomography (CT) scan showing calcifications, ductal dilation and atrophy, or by the presence of structural and functional abnormalities detected by combined endoscopic ultrasound (EUS) and secretin pancreatic function testing 20 . EUS examinations were scored based on the Rosemont classification. Patients with EUS Rosemont class "suggestive" or "most consistent" were diagnosed with chronic pancreatitis. All the patients with pancreatic cancer were operable; hence, they represented a mixture of localized pancreatic cancer (stages 2 and 3A). Patients who were considered as controls include chronic pancreatitis and non-pancreatic disease controls. The blood samples were processed within 4 hours after specimen collection. The plasma samples were collected into purple top tubes (Becton Dickinson, Franklin Lakes, NJ) with EDTA, the potassium salt, as an anticoagulant. The serum samples were collected using red top tubes (Becton Dickinson) with clot activator and silicone-coated interior. The blood was centrifuged at 330 × g for 20 minutes. The resultant plasma and serum were aliquoted and stored in a liquid nitrogen freezer until used.
Sample preparation
The pooled plasma samples of pancreatic cancer, chronic pancreatitis and non-pancreatic disease control were generated by combining equal volume of 5 individual plasma samples from each category. Five hundred microliters of pooled plasma sample from each category was individually depleted of the seven most abundant proteins (albumin, IgG, IgA, transferrin, haptoglobin, antitrypsin, and fibrinogen) with a MARS-human 7 HPLC column (Agilent, Santa Clara, California). The immuno-depleted samples were concentrated with an Amicon Ultra-4 concentrator (Millipore, Billerica, Massachusetts), and the total protein concentration was determined via Bradford assay. Samples were reduced with dithiothreitol (Sigma, St. Louis, Missouri) for 2 hours at room temperature in the dark. The samples were then individually labeled with isotopic light acrylamide ( 12 C-acrylamide) (Sigma) or isotopic heavy acrylamide ( 13 C-acrylamide) (Cambridge Isotope Laboratories, Andover, Massachusetts) for quantitative mass spectrometric analysis 21 . Two sets of experiments were performed. In the first experiment, in which non-pancreatic disease controls (NL) were compared with pancreatic cancer (CA), the samples were labeled separately with 12 C and 13 C-acrylamide (Sigma), respectively (i.e. light=NL, heavy=CA). In the second comparison experiment, pancreatic cancer was compared with chronic pancreatitis (CP). The cancer and pancreatitis samples were labeled with 12 C and 13 C-acrylamide, respectively (i.e. light=CA, heavy=CP).
Two-dimensional LC separation
For each experiment set (CA:NL and CA:CP) the acrylamide-labeled cancer and non-cancer comparator samples were combined and fractionated by two-dimensional LC separation: reverse-phase at the protein level and strong-cation-exchange (SCX) at the peptide level. The protein samples were first separated by reverse-phase HPLC using a POROS R2 10 μm HPLC column (4.6 mm × 100 mm, Applied Biosystems, Foster City, California) with the following buffers: Buffer A (95% water, 5% acetonitrile, 0.1% TFA) and Buffer B (90% acetonitrile, 10% water, 0.1% TFA). The gradient ramped from 5% to 50% of Buffer B in 18 minutes, 50% to 80% in 7 minutes, then to 95% in 2 minutes. The collected protein fractions were combined into 10 pools and lyophilized, and each of those fractions was trypsinized at 37°C overnight (~18 hours) using a trypsin:protein weight ratio of 1:30. Each of the digested protein fractions was further separated at the peptide level into 10 fractions by SCX using a PolySULFOETHYL A HPLC column (PolyLC Inc., Columbia, Maryland). The solvent system used was Buffer A (5 mM K2HPO4, 25% CH3CN, pH 3.0) and Buffer B (5 mM K2HPO4, 25% CH3CN, 700 mM KCl, pH 3.0). The peptides were separated at a flow rate of 200 μl/minute with Buffer B increased from 0%-25% in 30 minutes, followed by 25%-100% in 20 minutes. In total, 100 fractionated peptide samples were obtained and desalted by C18 spin column (Nest Group, Southborough, Massachusetts). The samples were lyophilized and stored in −20°C until mass spectrometric analysis.
Mass spectrometric analysis
The samples were analyzed using an LTQ-Orbitrap hybrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA) coupled with nano-flow HPLC (Eksigent Technologies, Dublin, CA). The samples were first loaded onto a 1.5 cm trap column (IntegraFrit 100μm, New Objective, Woburn, MA) packed with Magic C18AQ resin (5μm, 200Å particles; Michrom Bioresources, Auburn CA) with Buffer A (water with 0.1% formic acid) at a flow rate of 3 uL/minute. The peptide samples were then separated by an 27cm analytical column (PicoFrit 75μm, New Objective) packed with Magic C18AQ resin (5μm, 100Å particles; Michrom Bioresources) followed by mass spectrometric analysis. A 90-minute non-linear LC gradient was used as follows: 5% to 7% Buffer B (acetonitrile with 0.1% formic acid) versus Buffer A over 2 minutes, then to 35% over 90 minutes, then to 50% over 1 minute, hold at 50% for 9 minutes, change to 95% over 1 minute, hold at 95% for 5 minutes, drop to 5% over 1 minute and recondition at 5%. The flow rate for the peptide separation was 300 nL/minute. For MS analysis, a spray voltage of 2.25 kV was applied to the nanospray tip. The mass spectrometry experiment was performed using data-dependent acquisition with a m/z range of 400-1800, consisting of a full MS scan in the Orbitrap (AGC target value 1e6, resolution 60K, and one microscan, FT preview scan on) followed by up to 5 MS/MS spectra acquisitions in the linear ion trap using collision induced dissociation (CID). Other mass spectrometer parameters include: isolation width 2 m/z, target value 1e4, collision energy 35%, max injection time 100 ms. Lower abundance peptide ions were interrogated using dynamic exclusion (exclusion time 45 second, exclusion mass width −0.55 m/z low to 1.55 m/z high). Charge state screen was used, allowing for MS/MS of any ions with identifiable charge states +2, +3, and +4 and higher.
Data process
For each combined sample (CA:NL and CA:CP), raw machine output files from all MS runs were converted to mzXML files and searched with X!Tandem 22 configured with the kscore scoring algorithm 23 , against version 3.65 of the human International Protein Index (IPI) database. The search parameters were as follows: enzyme, trypsin; maximum missed cleavages, 1; fixed modification, light acrylamide on cysteine (71.037); potential modifications, oxidization on methionine (15.995) and the heavy-light acrylamide difference (3.0100Da) on cysteine; parent mono-isotopic mass error, 1.5Da. Peptide identifications were assigned probability by PeptideProphet 24 , with a model built on all sample fractions together, and only those identifications associated with a false discovery rate (FDR) of 0.01 were retained. Additionally, all residual peptide identifications belonging to the 7 abundant proteins depleted by the column were removed. The Q3 algorithm for labeled quantitation 21 was applied to calculate quantitative ratios for all cysteine-containing peptides, with a correction for the overlap between light and heavy isotopic peaks. The Qurate algorithm 25 within the msInspect platform was used to automatically locate and remove peptide quantitative events that appeared incorrect or questionable due to co-eluting peptides, poor isotopic peak distribution, or missing isotopic peaks. The remaining peptide log-ratios for each comparison were median-centered on 0.
The remaining peptide identifications were provided to ProteinProphet 26 for protein inference. All proteins identified with two or more peptide identifications were retained; since only high-quality peptide identifications were used, protein probability assignments were ignored, except to exclude proteins whose evidence was superseded by another protein that explained more of the available peptide evidence. Quantitative ratios assigned by Q3 were combined for each quantitated protein using the geometric mean of the peptide ratios, and protein ratios were recalculated using the geometric mean of all remaining peptide quantitative ratios.
ELISA measurement
Enzyme-linked immunosorbent assay (ELISA) kits were obtained commercially as outlined in Table 2 . The tests were performed according to the manufacturer's protocols. No more than 2 freeze thaw cycles were allowed for a specimen used in the ELISA studies. Samples were tested in duplicate using a microplate reader (Multiskan Ascent, Thermo Electron, Waltham, MA).
Statistical analysis
For the pilot study, Wilcoxon rank-sum tests were used to determine which marker candidates demonstrated significant differences between the mean test value in pancreatic cancer, pancreatitis and healthy controls. Receiver operating characteristic (ROC) curve methods were used to quantify marker performance in distinguishing the cancer cases from the controls. Biomarkers were combined using approaches that did not require statistical fitting because of the sample sizes. The assessment of biomarker combinations was only ascertained on a uniform (exact) set of cases and controls shared by multiple ELISA tests. To combine markers, we used combination rules of "OR" rule and "AND" rule. In the "OR" rule, elevation of any marker above its respective threshold constitutes a positive result. Because all markers were on the same scale, this "OR" rule was implemented by using the maximum score of the individual markers in the combined set as previously described 27 . In the "AND" rule, elevation of all markers above the respective threshold constitute a positive result. This "AND" rule was implemented by using the minimum score of the individual markers in the combined set 27 .
RESULTS AND DISCUSSION
Quantitative proteomics approach
The quantitative proteomics workflow for global plasma profiling is schematically illustrated in Figure 1 . The experimental design was aimed to enhance our efforts to probe low-abundance proteins in plasma, in particular those proteins that are secreted or leaked from tissues including potential protein markers from tumor cells. The strategy included depletion of abundant proteins followed by multi-dimensional fractionation at both protein and peptide levels prior to LC MS/MS analysis.
The pooled plasma samples were first depleted through an immunoaffinity column to remove the seven most abundant plasma proteins, which accounts for the majority of protein constituent in plasma. The depleted cancer and control samples were labeled with stable isotopic heavy and light acrylamide 21 individually, and then combined together. The protein mixtures in the combined samples were fractionated and combined into 10 fractions using reverse-phase LC, which provides fast and effective protein separation and allows direct insolution digestion. Each of the protein fractions was subjected to trypsin digestion; the peptide mixture was further separated using strong-cation-exchange (SCX) chromatography into 10 peptide fractions. Thus, the extensive two-dimensional plasma fractionation generated 100 sub-samples in each experiment; and each sub-sample was further separated using nano-LC and then electro-sprayed into a high-resolution Orbitrap instrument for MS/ MS analysis. The obtained MS/MS data was searched against human protein database for peptide and protein identifications, which were validated using statistics-based algorithms. The quantification of each peptide was based on the ratio of its isotopic heavy and light signals; and protein quantification was achieved by combining the quantitation of the corresponding peptides.
Protein identification and quantification
Two sets of experiments were performed in this study using acrylamide-based quantitative proteomic work flow as demonstrated in Figure 1 . The proteome of pooled plasma samples from operable pancreatic cancer patients was compared first with the plasma proteome of non-pancreatic diseased controls (CA:NL), and then with chronic pancreatitis (CA:CP) as a benign disease control. Both the NL and CP control cases are age and sex matched with the CA cases. In experiments CA:NL and CA:CP, a total of 1423241 and 1023439 MS/MS spectra were acquired, respectively. The MS/MS spectra of each experiment were searched against the IPI human protein database using the X!Tandem algorithm 22 . Stringent criteria were applied for peptide and protein identification. The MS/MS database search identified 8,196 peptides (1,931 quantitated) in the CA:NL experiment and 4,966 peptides (1,083 quantitated) in the CA:CP experiment with FDR 0.01 according to PeptideProphet after quantitation information was stripped from the peptides corresponding to the seven depleted proteins. Of these quantitated peptides, 1,572 were retained in the CA:NL experiment and 979 in the CA:CP experiment after automated quality control by Qurate, and log-ratios were median-centered on 0 separately in each experiment. After protein inference by ProteinProphet and peptide ratio summary using geometric mean for each protein, 907 proteins were identified (356 with quantitative ratios) in the CA:NL experiment and 990 proteins were identified (283 with quantitative ratios) in the CA:CP experiment. The proteomic identification of the proteins in experiment CA:NL and CA:CP are provided in Supplemental Table 1 and 2, respectively. As a comparison, a recent proteomics investigation on mouse plasma, in which two-dimensional protein separation was applied for plasma fractionation, has identified 1095 proteins with 0.01 FDR 15 . In addition, the HUPO plasma proteome collaborative study involving multiple laboratories has identified 889 proteins with ≥ 95% confidence level 18;28 The Gene Oncology annotation indicated that in both experiments, about half of the proteins identified are intracellular proteins, reflecting the complexity of the plasma proteome, which not only includes the circulatory proteins, but also the presence of many cellular proteins shed from different organs throughout the whole body. In this study, a total of 1340 plasma proteins were identified by combining the two experiments (CA:NL and CA:CP). When these proteins were compared with the proteins that were identified in diseased and normal pancreas tissue and pancreatic juice from our previous studies [29] [30] [31] [32] [33] , 1029 (76%) and 80 (6%) proteins identified in plasma were also found in pancreatic tissue and juice, respectively.
To assess the sensitivity of our global quantitative plasma proteomic approach, we selected a group of the identified proteins, which have known plasma concentration previously reported in the literature 34 , and plotted their distribution against their reported plasma concentration ( Figure 2 ). In CA:NL and CA:CP experiments, 11.5% and 9.8% of the proteins with known plasma concentration were low abundant proteins with a plasma concentration below 10 ng/ml, respectively. Among these proteins, protein diazepam binding inhibitor (DBI) was identified in both experiments with the lowest reported concentration of 1.04 pg/ml 34 , reflecting the qualitative detection sensitivity (for peptide/ protein identification) of our approach on plasma profiling. Based on Figure 2 , we estimated that an analytical dynamic range of 8-orders of magnitude was achieved using our approach outlined in Figure 1 .
Differential proteins associated with pancreatic cancer
Previously, we have applied ICAT and iTRAQ based quantitative proteomics to investigate the differential proteins that are associated with pancreatic cancer and chronic pancreatitis in pancreatic tissue and juice [29] [30] [31] [32] [33] . In this study, to accommodate the large amount of starting materials (500 μl of plasma) to afford the multi-dimensional LC separation, the acrylamidebased stable isotope labeling method was utilized to contain the high experimental costs. The acrylamide-based stable isotope labeling introduced mass tags with different isotopic labeling on cysteine residues of proteins allowing quantitative analysis of a given protein, with an identical sequence, but from different sample sources (e.g. CA and NL). The ratio distributions (in natural log scale) of quantified cysteinyl peptides are illustrated in Figure  3A . The majority of the peptides have a ratio below 1.5. The quantification of a protein was achieved based on the quantitation of its corresponding peptides. Among the proteins identified in CA:NL (907) and CA:CP (990), 356 and 283 proteins were quantified, respectively. Figure 3B shows the scatter plots of the protein ratios (in natural log scale) in both experiments. The proteins that were identified by two or more peptides with FDR 0.01, and that showed an abundant change of 1.5 fold or greater in pancreatic cancer plasma compared to normal control (CA:NL) (n= 95) and pancreatitis (CA:CP) (n= 87), are listed in Supplemental Table 3 and Supplemental Table 4 , respectively.
To facilitate in-depth plasma proteomic profiling 35 , as aforementioned, we have depleted the seven most abundant plasma proteins (albumin, IgG, IgA, transferrin, haptoglobin, antitrypsin, and fibrinogen) from the plasma prior to proteomic analysis. Although the blood concentration of some of these abundant proteins, such as haptoglobin 36;37 , alpha-1 antitrypsin 36;37 , immunoglobin 36 , fibrinogen 38 and serotransferrin 37 , have previously been linked with pancreatic cancer, the practical utility of these abundant proteins for surrogate biomarker development is dubious. The exclusion of these abundant proteins, which accounts for the majority of plasma protein constituents, has greatly enhanced our capability to search for the low abundant proteins -in particular, those that may have been shed from the tumor cells.
There are a variety of immunodepletion columns that can be used to remove abundant proteins from plasma [39] [40] [41] . We decided to employ a MARS-7 column in this study, not only because of its high efficiency and reproducibility in depleting the abundant proteins 39;41 , but also based on the evidence that depletion of a higher number of abundant proteins using current technology did not significantly improve the depth of proteomics profiling in plasma, but rather, could compromise the depletion specificity causing loss of non-targeted proteins due to non-specific binding 40;42 . In our study, residual amounts of the seven abundant proteins were detected in the depleted plasma samples, consistent with a previous report 42 ; and these proteins were excluded in our quantitative analysis. Furthermore, as suggested by a recent study, non-targeted proteins for depletion, including α-2 macroglobulin, apolipoprotein AI, α1-acid glycoprotein 1, α1-acid glycoprotein 2, pregnancy zone protein, apolipoprotein B-100, apoliproprotein CII, apolipoprotein CIII, CD5 antigen-like protein, zinc-α2-glycoprotein, hemoglobin, apolipoprotein L1 and serum amyloid A-4 protein may be bound to the MARS-7 column via non-specific interaction 42 . Although the non-specific binding to the column could potentially compromise the absolute quantification of these proteins, the possible effect on a comparative experiment may be less significant, as the cancer and control samples were depleted in parallel in our experiments.
Some of these potentially affected proteins are included in our differential proteins lists (Supplemental Table 3 and 4), such as zinc-α2-glycoprotein 1 (AZGP1). To assess the effect of non-specific binding on our proteomics comparative quantification and to justify whether we should keep these proteins on our list, we compared the proteomics data of AZGP1 with its matched ELISA data tested in non-depleted individual plasma samples. AZGP1 is significantly expressed in pancreatitis plasma with an increasing order of NL<CA<CP (NL/CA/CP: 1/1.4/2.8) based on the comparative proteomics analysis using the depleted plasma. The AZGP1 ELISA test was performed on non-depleted plasma samples from 10 NL, 27 CA and 32 CP individuals. The mean concentration of AZCP1 in NL, CA and CP measured by ELISA are, 3.1×10 4 ng/ml, 4.4×10 4 ng/ml and 8.4×10 4 ng/ml, respectively, consistent with the proteomics results obtained from the depleted plasma samples. Our comparison here is not intended to assess the specificity of the depletion column one way or the other, but rather to demonstrate that, in a carefully performed experiment, such variation due to non-specific binding can be minimized for a comparative proteomics study in which the sample and control are carefully processed in parallel and then analyzed together.
Selection of differential proteins for pilot study
Based on the differential proteins that were identified in CA:NL and CA:CP experiments (Supplemental Table 3 & 4), we selected a subset of plasma proteins that are potentially relevant to pancreatic cancer. These proteins are listed in Table 1 and categorized into three subgroups: proteins that are concurrently differentially expressed in pancreatic cancer plasma compared to normal controls and pancreatitis; proteins that are differentially expressed in pancreatic cancer plasma compared to the normal controls; and proteins that are differentially expressed in pancreatic cancer plasma compared to pancreatitis.
Several known abundant plasma proteins were differentially expressed in either pancreatic cancer or pancreatitis or both, including fibronectin, apolipoprotein AII, hemoglobin, C3 complement, immunoglobulin, inter-alpha-trypsin inhibitor, and alpha-1-acid glycoprotein. We have excluded these proteins from Table 1 largely based on the consideration that the fluctuation of these abundant proteins in blood can be influenced by a variety of biological heterogeneity and cofounding effects, and thus, these proteins would be less likely to be specifically associated with pancreatic cancer.
In comparing the differential proteins listed in Table 1 with our previous quantitative proteomics studies on pancreatic tissue [31] [32] [33] and pancreatic juice 29;30 , the abundance of some of these plasma proteins corresponded to our previous protein discoveries in pancreatic cancer tissue and juice. The differential plasma proteins that were concurrently expressed in pancreatic cancer tissue (including PanIN 3 pre-cancerous lesions) and juice include: neutrophil defensin 1 (DEFA1), pancreatic secretory trypsin inhibitor (SPINK1) (pancreatic juice), thrombospondin-1 (THBS1), flavin reductase (BLVRB), collagen alpha-1 (I) chain (COL1A1), EGF-containing fibulin-like extracellular matrix protein 1 (EFEMP1), glyceraldehydes-3-phosphate dehydrogenase (GAPDH), L-lactate dehydrogenase B chain (LDHB), transforming growth factor beta-1 (TGFB1), insulin-like growth factor-binding protein 2 (IGFBP2) (pancreatic juice), full-length CDNA clone CS0DD006YL02 of neuroblastoma of homo sapiens (IGHM) (pancreatic tissue and juice), glutathione peroxidase 3 (GPX3), immunoglobulin J chain (IGJ), and zyxin (ZYX). Most of these proteins have been mechanistically associated with pancreatic cancer or pancreatitis in previous studies in addition to ours. SPINK1 has been linked with pancreatic cancer 43 and pancreatitis 44 in multiple studies and was suggested as a stimulatory proliferation factor for pancreatic cancer cells 43 . THBS1 is proposed as a regulator of tumor growth and metastasis of pancreatic cancer 45;46 and may be involved in the development of chronic pancreatitis 47 . COL1A1 was associated with alcoholic chronic pancreatitis in mouse models 48 . The implication of EFEMP1 expression in pancreatic cancer progression was suggested by a recent study 49 . TGFB1 has been found over-expressed in many cancer cell lines and was associated with drug resistance in pancreatic cancer cells 50 . GPX3 was related to pancreatic cancer 51;52 and acute pancreatitis 53 in several studies and was suggested as a possible pancreatic cancer cell suppressor 52 . In addition, DEFA1 54 Our observations provide evidence that proteins shed from pancreatic tumor or precancerous PanIN 3 lesions can potentially be detected in plasma. While some of the tumorassociated tissue proteins may have consistent quantitative behavior in tissue and blood, others may not--due to the complex biological nature. For instance, anterior gradient-2 (AGR2) was significantly up-regulated in pancreatic cancer and PanIN 3 lesions 63;64 and pancreatic juice from patients with pancreatic cancer and pre-cancer (including PanIN3 and IPMN) 63 . However we were not able to correlate its up-regulation in serum from pancreatic cancer patients, although it is possible that the protein measurement in the serum might be limited by the sensitivity of the ELISA assay 63 . While it has been challenging for current proteomics technology to achieve the high level of reproducibility required by biomarker discovery when different mass spectrometers, quantitative techniques and sample preparation protocols were involved 65 , the correlation of our discoveries in pancreatic cancer plasma, tissue and pancreatic juice is highly encouraging, especially given the fact that a variety of quantitative proteomics techniques (ICAT, iTRAQ and acrylamide-labeled) were used in these different studies.
We selected nine differentially expressed proteins for the pilot ELISA biomarker candidate study discussed below, testing their concentrations in independent cohorts of plasma and serum samples from patients with pancreatic cancer, chronic pancreatitis and non-pancreatic diseased control. The selection of this group of proteins was cumulatively based on their abundance change, known relationship with pancreatic cancer or chronic pancreatitis and availability of ELISA assay. These candidate biomarker proteins included metalloproteinase inhibitor 1 (TIMP1), intercellular adhesion molecule 1 (ICAM1), C-C motif chemokine 5 (CCL5), zinc-alpha2-glycoprotein 1 (AZGP1), lactotransferrin (LTF), apolipoprotein A-II (APOA2), thrombospondin-1 (THBS1), lipopolysaccharide-binding protein (LBP) and platelet basic protein (PPBP).
Pilot study of the selected candidate proteins
Among the nine candidate proteins selected for the pilot study, six candidates (TIMP1, ICAM1, THBS1, CCL5, LBP and PPBP) were tested as pancreatic cancer biomarkers; and three candidates (AZGP1, APOA2, LTF) were tested as chronic pancreatitis biomarkers, based on the proteomics data obtained. The information regarding the ELISA assays for these nine candidate proteins are summarized in Table 2 and the patient demographic information for the plasma/serum samples used in the ELSIA experiment are provided in Supplemental Table 5 . It is of note that THBS1, LBP and PPBP were tested in serum instead of plasma based on the manufacturer's suggestion, and TIMP1 was tested in both plasma and serum for comparison. Figure 4 compares the ELISA results of TIMP1 tested in plasma and serum samples from patients of pancreatic cancer, chronic pancreatitis and normal controls. Using either plasma or serum samples, we observed a very similar performance of TIMP1 in distinguishing pancreatic cancer from the controls (including chronic pancreatitis and the non-pancreatic diseased controls) with a p value less than 0.0001. The area under curve (AUC) values for TIMP1 were 0.82 and 0.84 for plasma and serum, respectively. These observations suggest that there is no significant difference between the use of plasma or serum in measuring TIMP1 using ELISA methodology. However, it is important to note that our conclusion regarding TIMP1 is not intended to imply that plasma and serum are exchangeable sources in general for ELISA testing of other proteins. Figure 5 shows the ELISA data and the corresponding ROC analysis of the six cancer biomarker candidates in comparison to CA19-9, the only available clinical pancreatic cancer blood biomarker approved by FDA. The protein candidates were evaluated for their performance in distinguishing pancreatic cancer from non-disease controls and pancreatitis controls (performance data see Table 3a ). In addition to TIMP1, ICAM1 had better AUC value compared to commercially available CA19-9 assay: 0.80 versus 0.57, respectively (Table 3a) . The other candidate biomarkers THBS1, CCL5, LBP and PPBP had lesser performance than TIMP1 and ICAM, but most performed better than CA19-9. While the performance of the CA19-9 ELISA in this study (AUC 0.57) was not as robust as some reports in the literature, TIMP1 and ICAM biomarkers still performed better than the recently reported CA19-9 AUC of 0.716 66 . Lastly, these data show the importance of testing pancreatic cancer biomarkers on chronic pancreatitis controls as we reported previously 14;67 : many biomarker candidates lost some accuracy when distinguishing chronic pancreatitis and pancreatic cancer -a phenomenon that is frequently seen in pancreatic cancer biomarker candidates.
To determine whether we could improve the AUC value, we next tested the candidate biomarkers as possible combinations of two to six biomarkers as a composite panel. The best biomarker panel obtained was the combination of ICAM1 and TIMP1 used under the "OR" rule 27 . With an AUC of 0.92, the composite biomarker of "ICAM1 OR TIMP1" could achieve 54% sensitivity at 100% specificity in detecting pancreatic cancer from all controls, including chronic pancreatitis and non-disease controls based on the cohort tested. The performance of the composite biomarker is summarized in Figure 6 . The establishment of the composite biomarker of "ICAM1 OR TIMP1" is encouraging. Previous studies have shown that TIMP1 and ICAM1 were expressed at elevated serum/plasma levels in pancreatic cancer 68;69 and other cancers [70] [71] [72] [73] [74] [75] ; however, neither of these two proteins could provide sufficient specificity and sensitivity as an individual biomarker for pancreatic cancer detection 68;69 . In our study, the composite biomarker candidate demonstrated significantly better detection of pancreatic cancer compared to either TIMP1 or ICAM 1 individually.
Just as demonstrated in our current and previous pilot study 67 , many protein candidates could distinguish pancreatic cancer from normal controls with high specificity and sensitivity but had difficulty discriminating pancreatic cancer from pancreatitis, a disease that shares many molecular and imaging features with pancreatic cancer 31 . A common clinical dilemma is the diagnosis of early or mild chronic pancreatitis in patients with upper abdominal pain of unclear cause. In these patients, CT scan can be non-diagnostic, and more invasive endoscopic testing (e.g. EUS) may be required for diagnosis. Thus, a non-invasive pancreatitis biomarker may be useful, when combined with pancreatic cancer biomarkers, to enhance the specificity of pancreatic cancer detection, or alternatively, in the workup of patients with upper abdominal pain. Figure 7 shows the ELISA data of the three pancreatitis candidates: AZGP1, APOA2 and LTF. The corresponding ROC analysis is summarized in Table 3b . Among the three proteins tested, AZGP1 demonstrated the best performance in distinguishing chronic pancreatitis from cancer controls and normal controls, with an AUC of 0.83. LTF appears to separate CP from NL, however, has lower specificity in distinguishing CP from CA. It is notable that this protein is also elevated in pancreatic juice of chronic pancreatitis patients 76;77 .
From a clinical standpoint, the AUC measurement of a biomarker provides a summary statistic of its accuracy; however, the actual utility of a biomarker would depend on the context in which it is used. For example, a biomarker for pancreatic cancer necessarily needs to have very high specificity: the prevalence of the disease is sufficiently low (0.01%) that numerous false positive tests would arise from a biomarker that doesn't have nearly perfect specificity. Many patients who do not have pancreatic cancer would then undergo an expensive work-up to validate the falsely positive blood test. In our studies here, we are able to define a composited biomarker candidate "TIMP1 OR ICAM1" that significantly outperformed CA19-9 at 100% and 95% specificity, respectively.
Alternatively, the prevalence of chronic pancreatitis approaches 1-5% of the population; and whether a patient had chronic pancreatitis or pancreatic cancer, clinical validation of a positive blood test could be done with imaging (CT scan or endoscopic ultrasound) and it would be helpful for making either diagnosis in patients. In such a setting, less stringent specificity could be tolerated as long as the biomarker test can distinguish normal controls from diseased patients. In the case of AZGP1, the AUC becomes reasonably high, at 0.88, for distinguishing chronic pancreatitis patients from non-pancreatic disease controls. There are no current blood-based clinically available biomarkers for chronic pancreatitis, a disease that is dramatically increasing in frequency in the US and Europe; thus, a blood-based biomarker would be of great clinical value. In addition, our work is in evolution to determine whether the combination of a composite pancreatic cancer biomarker with reflexive testing for chronic pancreatitis using AZGP2 would achieve a nearly perfect performance that is highly desired for pancreatic cancer detection.
The correlation of proteomic initial discovery and ELISA confirmation
As an emerging technology, proteomics is thus far the most powerful technique that allows large scale quantitative protein profiling in a high-throughput fashion for initial protein biomarker discovery. The enormous complexity of the plasma proteome and the vast dynamic range in protein concentrations present major challenges in quantitative global profiling of the plasma proteome. Potential variations that can affect the outcome of quantitative protein profiling in the context of biomarker discovery need to be better understood. For the candidate proteins that have been evaluated with ELISA, Figure 8 shows the comparison of their abundance ratios obtained from the proteomics experiments and the average concentration ratio based on the ELISA measurements (CCL5 was excluded for this comparison because its ELISA test was unable to detect the protein in many plasma samples). For CA/NL ratio (Figure 8a ), besides the three proteins (THBS1, LBP, PPBP) that were tested in serum, the other proteins (TIMP1, ICAM1, AZGP1, APOA2, and LTF), which were tested in plasma, showed similar and consistent values of CA/NL ratio between the proteomic results and the average ratio based on ELISA measurement. For CA/CP ratio (Figure 8b ), proteins ICAM1, THBS1, AZGP1, APOA2 also showed quite consistent values between the proteomic analysis and the average ELISA measurement. For other proteins that showed differences in overall ratios between proteomic and ELISA measurements, the differences could be attributed to one or more of several factors, including: 1) the differences in accuracy of the methods of detection (mass spectrometry versus ELISA); 2) the types of samples used for the analysis (pooled for discovery proteomics versus individual for ELISA measurements); 3) independent sample cohorts; and 4) limited sample sizes.
Based on the nine candidate proteins verified, our observations suggest a reasonable agreement between the proteomic data and the average results obtained from the ELISA confirmation test, with the consideration of the possible variations that may involved in both experiments. In the real world, it is not uncommon to use pooled samples for initial proteomics discovery due to the economic and technological reasons, especially in the setting of stable isotope labeled quantitative proteomics. Quantitative proteomics profiling could serve as a guide to facilitate selection of the differentially expressed proteins associated with pancreatic cancer; such candidate proteins then need to be rigorously validated using independent cohorts of individual samples.
Summary
Due to the low occurrence of pancreatic cancer, an ideal biomarker for population or for high risk screening of pancreatic cancer would require a high specificity (e.g. >99%) to avoid the consequences of a high rate of false positive results. To search and characterize such a biomarker in the deep sea of plasma is a complex and challenging work. In this study, we applied a large scale quantitative proteomics approach to identify the plasma proteome alterations that may be directly or indirectly induced by pancreas tumorigenesis. With extensive multi-dimensional fractionation of the plasma proteome, more than thirteen hundred proteins were identified with stringent criteria. While our study suffers from the technical limitations of current shot-gun proteomics technology, the results reflect the valuable role of quantitative proteomics in biomarker discovery. Our effort has led to the identification of a group of differential proteins in pancreatic cancer and chronic pancreatitis plasma specimens. A subset of these proteins was subsequently confirmed by ELISA in a pilot study using independent cohorts of diseased and non-diseased patient blood samples. A composite marker of TIMP1 and ICAM1 demonstrates significantly better performance than CA19-9 in distinguishing pancreatic cancer from the normal controls and pancreatitis controls. In addition, AZGP1 was identified as a biomarker candidate for chronic pancreatitis; and its utility in refining the specificity of a pancreatic cancer biomarker, by using it reflexively in patients who have an initial positive blood test is currently under investigation. This study has revealed a group of differential proteins in plasma associated with pancreatic cancer and pancreatitis, laying the foundation for future blood test development to assist the diagnosis of pancreatic disease.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The workflow of the proteomics pipeline. A) The log ratio (natural log) distribution of quantitative peptides. B) A display of protein quantitative ratios (in natural log scale). Comparison of TIMP1 ELISA test in plasma and serum. A) ELISA test of TIMP1 in plasma specimens obtained from patients of pancreatic cancer, chronic pancreatitis and non-disease controls. B) ELISA test of TIMP1 in sera obtained from patients of pancreatic cancer, pancreatitis and non-disease controls. ELISA validation of TIMP1, ICAM1, THBS1, CCL5, LBP and PPBP as pancreatic cancer biomarker candidate in the plasma or serum specimens of pancreatic cancer, chronic pancreatitis and non-disease control. TIMP1, ICAM1 and CCL5 were measured in plasma; and THBS1, LBP and PPBP were measured in serum. All of the samples that were measured are presented in the plots. The performance of composite biomarker "TIMP1 OR ICAM1" in detecting pancreatic cancer from non-disease controls and chronic pancreatitis controls. ELISA validation of AZGP1, APOA2, LTF as chronic pancreatitis biomarker candidate in the plasma specimens of pancreatic cancer, chronic pancreatitis and non-disease control. All of the samples that were measured are presented in the plots. The comparison of protein abundant ratio obtained from proteomics experiments with the average protein concentration ratio based on the ELISA measurements. CCL5 is excluded for both CA:NL and CA:CP comparison because the protein was undetectable in many of the plasma samples by ELISA. TIMP1 is not included in the CA:CP comparison because no quantitative peptide was detected in the proteomics experiment. Table 1 Differential proteins with 1.5-fold ratio changes in pancreatic cancer plasma ("total peptides" -the total number of peptide sequences identified for a protein; "unique peptides" -the number of unique peptide sequences identified for a protein). 
